Abstract: Distribution of volatile compounds in different fruit structures were analyzed in four tomato cultivars by headspace-solid-phase microextraction (SPME)-gas chromatography-mass spectrometry (GC-MS). A total of 36 volatile compounds were identified in fruit samples, which were primarily aldehydes, hydrocarbons, alcohols, ketones, furans, esters, nitrogen compounds, and sulfur and nitrogen-containing heterocyclic compounds. The volatile compositions in pericarp (PE), septa and columella (SC), locular gel and seeds (LS), and stem end (SE) tissues showed different profiles. The PE tissue showed the highest total volatile concentration due to a high abundance of aldehydes, especially cis-3-hexenal and benzaldehyde. Meanwhile, it showed higher aromatic proportion and herbaceous series intensity than other tissues. Floral and fruity series showed higher intensity in SC and LS tissues. The concentration of alcohols in the LS was higher than that in other tissues in association with the higher abundances of 2-methyl propanol, 3-methyl butanol, and 2-methyl butanol. However, the numbers and concentrations of volatile compounds, especially cis-3-hexenal, benzaldehyde, and geranyl acetone were lower in SE than in the other tissues, indicating less tomato aromas in SE. SE tissues were also lacking in floral and fruity characteristic compounds, such as geranyl acetone, 1-nitro-pentane, and 1-nitro-2-phenylethane. "FL 47" contained more volatile compounds than the other three, and the contents of aldehydes, ketones and oxygen-containing heterocyclic compounds in the "Tygress" fruit were higher than the other cultivars.
Introduction
Tomato is one of the world's most consumed vegetables, and is known for its unique taste and richness of nutrients, such as lycopene, β-carotene, and lutein which can protect against various cardiovascular diseases and many forms of cancer [1] .
In recent years, there has been an increasing demand for good quality fruit and vegetables, and the tomato is not an exception. More and more consumers are willing to pay extra for good flavor [1] . Fresh tomatoes have a characteristic flavor due to the presence of a complex mixture of sugars, acids, and volatile compounds [2, 3] . Volatile compounds are the main determinant of the special flavor in tomatoes [4] . Scientists have identified more than four hundred volatile compounds in the tomato [5] , but less than 10% of them are present in significant concentrations and odor thresholds for determining the tomato flavor [6, 7] . In the past few years, many researchers studied the volatile compounds of the tomato and identified many biosynthetic pathways of essential aromatic volatiles [8] . The volatile compounds are biosynthesized from lipids, amino acids, lignins, and carotenoids [9] .
Previously, many studies have been performed on the volatile components in whole fruit or pericarp tissues [10] [11] [12] [13] [14] [15] , and the contents of the volatile components in the peel and internal tissues Previously, many studies have been performed on the volatile components in whole fruit or pericarp tissues [10] [11] [12] [13] [14] [15] , and the contents of the volatile components in the peel and internal tissues were compared. Wang et al. [16] compared the composition of the volatiles between the pericarp and locular gel, and concluded that the locular gel contained lower concentrations of cis-3-hexenal, hexanal, heptanal, octanal, nonanal, cymene, terpinolene, undecane, dodecane, 6-methyl-5hepten-2-one, 2-methyl butyl acetate, 1-nitro-pentane, and 1-nitro-2-phenylethane than the pericarp. However, the locular gel contained higher concentrations of 2-methyl propanal, butanal, 2-methyl butanal, 2-methyl-2-butenal, 2-methyl propanol, 3-methyl butanol, 2-methyl butanol, and 2-butanone than the pericarp [16] . Wang et al. [17] also compared the differences in the volatile components between the peel and internal tissues, and showed that the inner tissues of the tomato fruit contained higher concentrations of 3-methyl butanal, 2-methyl butanal, 3-methyl butanol, and 2-methyl butanol than that of the pericarp, which is probably due to the higher levels of alcohols in the inner tissues [17, 18] .
Previous studies were focused on determining the volatile compositions only in the pericarp and locular gel. Actually, the anatomy of a tomato fruit includes pericarp (PE), septa and columella (SC), locular gel and seeds (LS), and the stem end (SE) (Figure 1) , and the volatile compositions in the different inner tissues were not reported. The inner tissues also have a lot of volatile compounds, and they make great contributions to the overall aroma quality. In this study, the ripe tomato fruits of "FL47", "Tygress", "Tasti-Lee", and "Cherokee Purple" cultivars were used. The volatiles were extracted from PE, SC, LS, and SE, and the organic volatile compounds were identified by Gas Chromatography-Mass Spectrometry (GC-MS). The aim of the paper was to analyze the distribution of volatile compounds in different fruit structures in four tomato cultivars and evaluate the aroma contributions and aroma profile of different tissues based on their odor activity values (OAVs), which would provide substantial information regarding the volatile components in different cultivars and inner tissues. Table 1 showed the weight of each tissue of the four cultivars of tomato used in this study. Higher proportions of the pericarp (PE) tissue samples were used among the four varieties, and the sampling proportions of "Cherokee Purple" were higher from septa and columella (SC) and stem end (SE), but lower from PE and locular gel and seeds (LS) tissues compared to the other three varieties-as a result, it had more flesh and was of better quality. The "Cherokee Purple" cultivar is a traditional variety that passed down through several generations of a family which possessed evolutionary resistance against pests and diseases, and has been adapted to specific growth conditions and climates [19] . Over the last 50 years, much of the focus was on yield, and important aspects of fruit quality were largely neglected [1] , which resulted in a decline in quality. In the past 40 years, many Cherokee Purple varieties were lost or replaced by some commercially attractive hybrid tomatoes. Cross-breeding of crops has generated many high-yield varieties with low quality. Largely, the genetic and biochemical complexities of these traits have diminished their respective characteristics [20] . Table 2 exhibits the volatile compounds and their odor description, odor thresholds in water, and RI values. The solid-phase micro-extraction-gas chromatography-mass spectrometry (SPME-GC/MS) study identified 36 volatile compounds, including 13 aldehydes, 6 hydrocarbons, 5 alcohols, 4 ketones, 2 oxygen-containing heterocyclic compounds, 3 esters, 1 nitrogen compound, and 2 sulfur-and nitrogen-containing heterocyclic compounds. According to Table 3 , aldehydes accounted for the highest percentage of the total volatile concentration, followed by alcohols and ketones. Among the individual compounds, cis-3-hexenal was the most abundant component, which agreed with the reports of Wang et al. [16] , following trans-2-hexenal, hexanal, acetone, 2-methylbutanal, and 3-methylbutanal (Table 3) .
Results and Discussion

The Proportion of Each Tissue of the Four Tomato Varieties
Volatile Compounds in Tomato Fruits
Thirteen volatile compounds, which were suggested to be important tomato aroma contributors in previous studies, were identified in our study [4, [21] [22] [23] , including 3-methyl butanal, 2-methyl butanal, cis-3-hexenal, hexanal, trans-2-hexenal, 3-methyl butanol, 2-methyl butanol, 1-penten-3-one, 6-methyl-5-hepten-2-one, 2-isobutyl thiazole, 1-nitro-2-phenylethane, geranyl acetone, and methyl salicylate. The biosynthetic origins of the 13 volatiles were reported previously. Based on their biosynthetic origins, these compounds can be divided into four groups: fatty acid derivatives (cis-3-hexenal, hexanal, trans-2-hexenal, 1-penten-3-one), carotenoid derivatives (6-methyl-5-hepten-2-one, geranyl acetone), amino acid derivatives (3-methyl butanal, 2-methyl butanal, 3-methyl butanol, 2-methyl butanol, and 2-isobutyl thiazole), and phenylalanine derivatives (1-nitro-2-phenylethane and methyl salicylate) [1] .
Odor threshold values in water, adapted from Wang et al. [17] . 
Differences in the Volatile Profiles among the Cultivars
The profiles of the volatile organic compounds were diverse among the four tomato varieties (Table 3) . "Tasti-Lee", "Tygress", "FL 47", and "Cherokee Purple" contained 27, 29, 33, and 31 volatile compounds, respectively. "FL 47" contained the maximum numbers of volatile compounds among these four varieties.
Based on the concentrations of volatile compounds identified in different tissues and per tissue's percentage to total weight, the whole-fruit volatile profile of these four varieties were calculated ( Table 4 ). As shown in Table 4 , all four varieties showed high levels of cis-3-hexenal, hexanal, trans-2-hexenal and acetone, especially cis-3-hexenal in the whole fruit, which imparted leafy and green notes into the tomato fruit. The total concentrations of volatile compounds in "Tygress" was higher than the other three varieties. It contained the highest levels of aldehydes, ketones, and oxygen-containing heterocyclic compounds in the forms of 2-methyl propanal, 2-methyl-2-butenal, cis-3-hexenal, trans-2-hexenal, 1-penten-3-one, and geranyl acetone. On the other hand, "FL 47" showed the highest levels of alcohols, esters, and nitrogen compounds in the forms of 2-methyl propanol, 3-methyl butanol, 2-methyl butanol, 4-methyl pentanol, 3-methyl pentanol, butyl acetate, and 1-nitro-pentane. In addition, 1-nitro-pentane was unique to "FL 47", which possessed a pleasant fruity odor (Table 2) . Besides, nonanal was detected only in "FL 47" in a low concentration, which imparted fatty, citrusy, and green notes into the tomato fruit.
Only 27 volatile compounds were identified in the "Tasti-Lee" type, and the total concentration of the volatile compounds was lower than other three varieties due to its low concentrations of aldehydes, alcohol, and sulfur-and nitrogen-containing heterocyclic compounds. No butanal and octanal was detected in "Tasti-Lee", which imparted green and fatty notes into the tomato fruit (Tables 2 and 4) .
Methyl salicylate and 1-nitro-2-phenylethane compounds were found only in the "FL 47" and "Cherokee Purple" fruits, except "Tasti-Lee" and "Tygress". The concentrations of the volatile compounds (aldehydes, alcohols, and total volatile compounds) in the "Cherokee Purple" fruit were higher than Tasti-Lee. The concentrations of hydrocarbons were lower than the other three varieties. However, these four varieties mainly differed in their content of aldehydes, alcohols, and esters.
Various factors influence the volatile characteristics of different cultivars. Rambla et al. [24] reported that the volatile components were different in 152 "Heirloom" varieties, with different genetic compositions. The difference in volatile characteristics between these four varieties might be due to different genotypes. Conversely, Nesbitt and Tanksley [25] showed a huge heterogeneity in the color, size, shape, and chemical composition of the fruit among the old, open-pollinated "Heirloom" tomato varieties. Paradoxically, DNA sequencing results found negligible polymorphism within the species. The result indicated that the volatile content was affected by many other factors. Besides genetic makeup, the differences in the volatile profile and fruit quality among the cultivars were dependent upon the environment, management, fertilizers, and harvest maturity [26] [27] [28] [29] .
According to their odor descriptions as shown in Table 2 , these volatile compounds can be divided into six aromatic series, including those which are herbaceous, floral, fruity, fatty, spicy, and like cocoa. The proportion of aroma and its aromatic series per tissue were established based on odor activity values (OAVs) (Figure 2 ). 
The Volatile Profile of Septa and Columella (SC) and Locular Gel and Seeds (LS)
Then the proportion of total volatile concentrations flowed by SC and LS. According to Table 3 , the levels of 2-methyl propanol, 3-methyl butanol, and 2-methyl butanol were high in LS of "TastiLee," "Tygress," "FL 47" and "Cherokee Purple" fruits (Table 3) , which could impart "alcoholic," "grassy," "sweet," "whiskey," "malt," "burnt," "malt," "wine," and "onion" notes in the tomato fruits (Table 2) . It was in consistent with results of Wang et al. [16] . Besides, the distribution of other volatile compounds within the four tissues varied among the cultivars. For "FL 47" and "Cherokee Purple" fruit, the SC tissue possessed higher levels of 4-methyl pentanol and 3-methyl pentanol. Conversely, 1-penten-3-one, 6-methyl-5-hepten-2-one, 2-ethyl furan and butyl acetate were present higher concentrations in SC tissue of "Tasti-Lee".
The aromatic proportion and aroma series of SC and LS behaved significantly differently in different cultivars. The cocoa series showed a higher intensity in LS from "Tasti-Lee" and "Tygress" and in SC from "FL47" (Figure 2 ). As shown in Table 2 , the cocoa flavor was mainly imparted by 2-methyl furan and 2-methyl butanal. The SC of "Tasti-Lee" showed high levels of floral and fruity series compared with other tissues, while these series were present in high levels in LS of "Tygress" and "Cherokee Purple" (Figure 2 ). The results indicated that floral and fruity series showed a higher intensity in SC and LS. Floral aroma was produced by 6-methyl-5-hepten-2-one, geranyl acetone, and 1-penten-3-one. In tomato fruit, 1-penten-3-one was a fatty-acid-derived volatile. 6-methyl-5-hepten-2-one and geranyl acetone were apocarotenoid volatiles which could be directly synthesized from their carotenoid precursors by the action of carotenoid cleavage dioxygenases (CCD) [1, 31] . 6-methyl-5-hepten-2-one directly comes from lycopene, and ζ-carotenoid is the direct precursor for geranylactone [4, 32] .
In addition to floral notes, they also made considerable contributions to fruity flavor notes ( Table  2) . 2-methyl-2-butenal, butyl acetate, 2-methylbutyl acetate, and 1-nitro-pentane were also main contributors to the fruity series. Furthermore, previous studies found that the fruity aroma could also be strengthened in some octanal [33] , nonanal [34] , and limonene [35, 36] grape samples due to their lemony flavor, which could be found in our study as well. 
The Volatile Profile of Pericarp (PE)
Among the four varieties ("FL 47", "Tygress", "Tasti-Lee", and "Cherokee Purple"), the proportion of total volatile concentrations in PE were 28.34%, 30.81%, 28.42%, and 29.99%, respectively, which showed the highest concentration of the volatile compounds compared to other tissues in all four varieties ( Table 5 ). The concentrations of aldehydes in PE of "Tasti-Lee", "Tygress", "FL 47", and "Cherokee Purple" tomato fruits were 30.56%, 32.40%, 30.59%, and 32.94%, respectively, higher than those in other inner tissues. The aldehydes/alcohols ratio in PE was higher than the inner tissues in SC and LS (Table 4 ). Aldehydes and their corresponding alcohols were important tomato flavor volatiles. Alcohols could be oxidized to aldehydes, and accomplished the alcohol-to-aldehyde conversion. The high ratio of aldehydes/alcohols in PE may be due to its higher oxygen concentrations in external tissues. Values are expressed as means ± standard deviation. Different superscripts (a and b) in the same raw indicate significant difference (p < 0.05).
In addition, PE showed higher levels of aromatic proportion in the "Tygress", "Tasti-Lee", and "Cherokee Purple" types, which suggested that PE provided a more powerful aroma than the other tissues ( Figure 2 ). The herbaceous series showed a higher intensity in PE, which is due to the high OAVs of aldehydes, especially cis-3-hexenal, hexanal, and trans-2-hexenal. These three compounds were C6-aldehydes which imparted "green", "leafy", "grassy", "tallow", and "fatty" notes in tomato fruit. Based on their biosynthetic pathways, they were generated from C18 fatty acid, which were acted upon by TomLox C and 13-hydroperoxide lyase (13-HPL). Firstly, 13-hydroperoxides (13-HPOs) were produced by the act of TomLox C, and then they were cleaved by 13-hydroperoxide lyase (13-HPL), which is a key enzyme for C6-aldehydes synthesis to release C6-aldehydes, both hexanal and cis-3-hexenal. The latter could further be converted into trans-2-hexenal [30] .
The Volatile Profile of Septa and Columella (SC) and Locular Gel and Seeds (LS)
Then the proportion of total volatile concentrations flowed by SC and LS. According to Table 3 , the levels of 2-methyl propanol, 3-methyl butanol, and 2-methyl butanol were high in LS of "Tasti-Lee," "Tygress," "FL 47" and "Cherokee Purple" fruits (Table 3) , which could impart "alcoholic," "grassy," "sweet," "whiskey," "malt," "burnt," "malt," "wine," and "onion" notes in the tomato fruits ( Table 2) . It was in consistent with results of Wang et al. [16] . Besides, the distribution of other volatile compounds within the four tissues varied among the cultivars. For "FL 47" and "Cherokee Purple" fruit, the SC tissue possessed higher levels of 4-methyl pentanol and 3-methyl pentanol. Conversely, 1-penten-3-one, 6-methyl-5-hepten-2-one, 2-ethyl furan and butyl acetate were present higher concentrations in SC tissue of "Tasti-Lee".
In addition to floral notes, they also made considerable contributions to fruity flavor notes ( Table 2 ). 2-methyl-2-butenal, butyl acetate, 2-methylbutyl acetate, and 1-nitro-pentane were also main contributors to the fruity series. Furthermore, previous studies found that the fruity aroma could also be strengthened in some octanal [33] , nonanal [34] , and limonene [35, 36] grape samples due to their lemony flavor, which could be found in our study as well.
The Volatile Profile of Stem End (SE)
The total number of volatile compounds in SE was lesser than the other tissues, and the aromatic proportion of SE from "Tasti-Lee", "Tygress", "FL47", and "Cherokee Purple" were lower than other tissues by 22.23%, 15.72%, 20.37%, and 23.27%, respectively, which suggested that SE provided a less powerful aroma than the other parts (Figure 2) . Besides, higher levels of fatty series were shown in SE from "Tygress", "Tasti-Lee", and "FL47", with the existence of that which were hexanal, heptanal, and octanal. Wu et al. [36] found that the fatty series in grapes were contributed mainly by the octanal one, which was consistent with our results.
However, the concentrations of cis-3-hexenal and benzaldehyde were lesser in the SE than the other tissues. Additionally, geranyl acetone, 1-nitro-pentane, and 1-nitro-2-phenylethane, which conferred a "sweet", "fruity", "flowery", and "spicy" odor to tomato fruits, were not identified in SE. 1-nitro-2-phenylethane was a phenylalanine-derived volatile, and an important contributor to the tomato aroma as well. In tomatoes, the first and rate-limiting step was performed by aromatic amino acid decarboxylases (AADCs), encoded by LeAADC1A, LeAADC1B, and LeAADC2 [37] . These enzymes converted phenylalanine to phenethylamine, then phenethylamine was converted to phenylacetaldehyde by an as-yet-unidentified amine oxidase or to 1-nitro-2-phenethane by an uncharacterized series of reactions [1] . The first and rate-limiting step was regulated at the transcriptional level [38] , which suggests that the reason why 1-nitro-2-phenylethane was not identified in SE might be due to lower transcriptional levels of LeAADC1A, LeAADC1B, and LeAADC2. (Figure 3a) , 60.1% (Figure 3b ), 62.8% (Figure 3c ), and 63.4% (Figure 3d ) of the total variance in "Tasti-Lee", "Tygress", "FL47", and "Cherokee Purple", respectively. PE and SC were separated from other tissues in "Tygress", "FL47", and "Cherokee Purple", which indicated that their flavors were different from the others (Figure 3b-d) . SC and LS were separated from PE and SE, but were close to each other in "Tygress" and "FL47", which indicated that they possessed similar overall flavor (Figure 3b,c) . Only LS could be separated from others in "Tasti-Lee", while on the contrary, all tissues could be separated from each other in "Cherokee Purple". Six volatile compounds, including hexanal, 3-methyl butanol, 2-methyl butanol, 6-methyl-5-hepten-2-one, 3-methyl butanal, and 2-methyl butanal were present in sufficient quantities so as to influence the tomato flavor.
These volatile compounds were biosynthesized from various pathways in the tomato. Hexanal was generated from C18 fatty acids [30] , which conferred "grassy", "tallow", "fatty" notes to the tomato. Also, 3-methyl butanol and 2-methyl butanol were biosynthesized via the removal of amino groups from amino acids by branched chain aminotransferases (BCATs). Subsequently, the aldehydes were produced via decarboxylation, which were then reduced to form alcohols [39] . LeCCD1A and LeCCD1B (carotenoid cleavage dioxygenases) cleaved the carotenoids to synthesize 6-methyl-5-hepten-2-one in the tomato [31] . Also, 3-methyl butanal and 2-methyl butanal, which imparted "malty", "cocoa", and "almond" notes to the tomato, were biosynthesized from the amino acids (Table 2) . These volatile compounds were biosynthesized from various pathways in the tomato. Hexanal was generated from C18 fatty acids [30] , which conferred "grassy", "tallow", "fatty" notes to the tomato. Also, 3-methyl butanol and 2-methyl butanol were biosynthesized via the removal of amino 
Materials and Methods
Plant Materials
Four different varieties of fresh tomato fruits, including "Tygress", "Tasti-Lee", "Cherokee Purple", and "FL 47", were harvested at the fully ripe stage from a tomato research block at the USDA Picos Road Farm in Fort Pierce, Florida, USA. For each cultivar, 30 defect-free and uniform fruits were divided into three groups to represent three biological replicates.
Methods
Sample Processing
The fruit were separated into the following four tissues: pericarp (PE), septa and columella (SC), locular gel and seeds (LS), and stem end (SE), by using a sharp stainless-steel knife (Figure 1) . The tissues were rapidly immersed in liquid nitrogen, ground to a powder, and the resulting 4.3 g of tissue powder together with 1.7 mL of saturated CaCl 2 solution were transferred to a 20 mL vial sealed with Teflon-lined septa to be smashed, and finally stored at −80 • C until analysis.
Analysis of Volatile Components using Headspace Gas Chromatography-Mass Spectrometry
The solid-phase micro-extraction-gas chromatography-mass spectrometry (SPME-GC-MS) analysis was conducted following our previous studies [40, 41] with some modifications. Volatiles were extracted using an SPME fiber (50/30 µm DVB/Carboxen/PDMS; Supelco, Bellefonte, PA, USA). The SPME fiber was put into the headspace vial, and 1 cm of it was exposed from the headspace for 40 min at 50 • C. After extraction, the fiber was inserted into the injector of a GC-MS (Model 6890; Agilent, Santa Clara, CA, USA) to desorb the adsorbed substances for 5 min at 250 • C. At the same time, the instrument data acquisition was performed.
Gas chromatography was performed using the HP-5 column (50 m × 0.32 mm × 1.05 µm, J&W Scientific, Agilent, Santa Clara, CA, USA) with helium as the carrier gas (37 kPa). The column temperature was set at 40 • C for 2 min, then increased to 250 • C at the rate of 5 • C min −1 , and finally maintained at 250 • C for the next 2 min. The volatile compounds were matched against the NIST08 library (NIST/EPA/NIH, American), and the retention indexes were compared with the standard volatile compounds. A standard peak area vs. concentration curve was prepared from the serial dilutions of the standard and used for sample quantification.
Statistical Analysis
All quantifications were carried out with five biological replicates, and the data of the study results were expressed as the average of five replicates. Principal component analysis (PCA) was performed using JMP 11.2.0 software (SAS Institute, Cary, NC, USA) on the covariance for analyzing the significant differences and relationships of the volatile organic compounds among the different tissues. The data were analyzed using the Statistical Analysis System Version 9.3 (SAS Institute, Cary, NC, USA). The volatile concentrations between different cultivars and different tissues were analyzed using the analysis of variance (ANOVA). The mean separation was determined by Duncan's test at a significance level of 5 %, respectively.
Conclusions
In this study, a total of 36 volatile compounds were detected in four varieties of tomatoes which, chemically, were aldehydes, hydrocarbons, alcohols, ketones, furans, esters, nitrogen compounds, and sulfur and nitrogen-containing heterocyclic compounds. The results of our study showed that the content of the volatile compounds varied among the four cultivars of tomato. "FL 47" contained more volatile compounds than the other three varieties, and "Tygress" fruit possessed the highest levels of aldehydes, ketones, and oxygen-containing heterocyclic compounds. The volatile compositions of pericarp (PE), septa and columella (SC), locular gel and seeds (LS), and stem end (SE) tissues were quite different. The abundance of total volatile compounds was higher in PE, which was associated with higher levels of aldehydes. Meanwhile, it showed higher aromatic proportion and herbaceous series intensity than other tissues. SC and LS showed a higher intensity of floral and fruity series. The concentration of alcohols in LS was higher than that in the other tissues, in association with the higher abundances of 2-methyl propanol, 3-methyl butanol, and 2-methyl butanol. The total volatile concentration and aromatic proportion in SE were lesser than the other tissues. Additionally, higher levels of fatty series were shown in SE, and the floral and fruity characteristic compounds of geranyl acetone, 1-nitro-pentane, and 1-nitro-2-phenylethane were not identified in SE.
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